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The persistence of dormant, noncultivable Borrelia burgdorferi after ceftriaxone treatment was examined. B. burgdorferi isolates
were cultivated in Barbour-Stoenner-Kelly medium in the presence or absence of ceftriaxone, and cultures were monitored for
up to 56 days. Viability of B. burgdorferi was assessed by subculture, growth, morphology, and pH (as a surrogate for metabolic
activity). In addition, the presence of B. burgdorferi DNA and mRNA was assayed by PCR and by real-time reverse transcription
(RT)-PCR, respectively. Spirochetes could not be successfully subcultured by day 3 after exposure to ceftriaxone. In cultures
treated with ceftriaxone, the pH of the culture medium did not change through day 56, whereas it declined by at least 1 pH unit
by 14 days in untreated cultures. These results suggest that B. burgdorferi viability is rapidly eliminated after antibiotic treat-
ment. Nevertheless, DNA was detected by B. burgdorferi-specific PCR for up to 56 days in aliquots from both ceftriaxone-treated
and untreated cultures. In addition, although ceftriaxone treatment resulted in a reduction in the quantities of transcript for
ospC, ospA, flaB, and pfk, certain mRNAs could be detected through day 14. Transcript for all 4 genes was essentially undetect-
able after 28 days of treatment. Taken together, the results suggest that B. burgdorferi DNA and mRNA can be detected in sam-
ples long after spirochetes are no longer viable as assessed by classic microbiological parameters. PCR positivity in the absence of
culture positivity following antibiotic treatment in animal and human studies should be interpreted with caution.

Lyme disease is caused by Borrelia burgdorferi, the most com-
monly reported vector-borne infection in North America with

approximately 33,000 confirmed and probable cases in 2011 (1).
Objective manifestations of this infection, such as the skin lesion
erythema migrans, meningitis, carditis, or arthritis, typically re-
spond to antibiotic therapy (2). Subjective symptoms such as fa-
tigue and arthralgias may persist despite antibiotic therapy in ap-
proximately 10 to 15% of patients treated for erythema migrans
(3, 4). Whether the frequency of such symptoms exceeds back-
ground rates in the general population, however, remains un-
proven (3). Nevertheless, the existence of patients with posttreat-
ment symptoms has led to several randomized placebo-controlled
trials of retreatment with antibiotic therapy along with intensive
investigations of such patients by culture and PCR to find evi-
dence of persistence of B. burgdorferi (5–7). In U.S. patients, no
evidence has been provided to date for long-term persistence of B.
burgdorferi in blood, cerebrospinal fluid, skin, or synovial fluid
specimens after antibiotic treatment (8, 9). In addition, symptom
relief was not achieved by retreatment in the controlled trials.

The question of whether there might be residual infection in
treated patients has also prompted a number of studies of the
efficacy of antibiotic therapy in eradicating B. burgdorferi from
infected animals (10–12). These studies have had various results,
and a number of methodological limitations have made the find-
ings difficult to interpret (12, 13). Some of these investigations
have concluded that viable B. burgdorferi persists in treated ani-
mals but in a dormant, noncultivable state (11, 14). Analogies
have been made with the well-established phenomenon of persis-
tence of small subpopulations in studies of other bacteria when
exposed to cidal antibiotics in vitro (15, 16). The strongest bio-
chemical evidence of persistence of viable B. burgdorferi cells has
been the demonstration of mRNA of B. burgdorferi in some of the
treated animals, based on the assumption that mRNA would be
present only if the borrelial cells were alive.

In this study, the persistence of dormant but noncultivable

cells of B. burgdorferi after exposure to ceftriaxone in vitro was
examined by several measures of viability, including the presence
of mRNA.

MATERIALS AND METHODS
Borrelia burgdorferi strains, culture conditions, and experimental de-
sign. B. burgdorferi isolates B31A3 (17) and BL206 (18) were grown at
34°C to a density of 1 � 108 cells/ml in Barbour-Stoenner-Kelly (BSK)
medium (Sigma) supplemented with 6% rabbit serum (Sigma). The cul-
tures were diluted to 1 � 105 cells/ml in 700 ml of fresh BSK medium and
cultured further for 3 days at 34°C, at which time they had reached a
density of 1 � 107 cells/ml. The culture was equally divided into two flasks,
and ceftriaxone (Sigma) was added to one flask to a final concentration of
15 �g/ml. The two 350-ml culture flasks (with or without ceftriaxone)
were each split into 7 tubes containing 50-ml portions of the respective
cultures, and incubation was continued at 34°C. One 50-ml tube of a
ceftriaxone-treated culture and one 50-ml tube of an untreated culture
were removed on days 0, 1, 3, 7, 14, 28, and 56, from which aliquots were
obtained to perform assays for bacterial viability and for detection of
spirochetal nucleic acids, as described below. Sampling from individual
tubes was done at only a single time point, based on the duration of
incubation (e.g., the tubes used for assays for the day zero time point were
not used again for assays performed on any other day).

Bacterial growth. Ten-microliter aliquots were removed from the
50-ml tubes at the indicated times, and spirochetes were enumerated both
by dark-field microscopy and by staining with acridine orange as previ-
ously described (19).
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Subculture. Aliquots (0.5 ml) were removed from the 50-ml tubes at
the indicated times, and cells were harvested by centrifugation at 8,000 �
g for 10 min. For each aliquot, cell pellets were washed twice with 5 ml
sterile phosphate-buffered saline (PBS) to remove residual antibiotic and
resuspended in 200 �l of fresh BSK medium without antibiotic. A 100-�l
volume of this cell suspension was inoculated into 5 ml fresh BSK me-
dium. Cultures were monitored for growth by dark-field microscopy for
up to 4 weeks as previously described (19).

Subculture assay sensitivity for both strain B31A3 and strain BL206
was assessed by limiting dilution using a dilution series ranging from 0.1
to 1,000 spirochetes. Organisms were inoculated in triplicate into 4.0 ml
of BSK medium and grown at 34°C. Cultures achieved a density of 1 � 106

cells/ml in 3 to 14 days, depending on the initial inoculum. With an initial
inoculum of 10 cells, all 3 replicate cultures were positive by dark-field
microscopy. At an initial inoculum of one cell, two of three replicates were
positive. Cultures remained negative when the initial inoculum was 0.1
organism.

Bacterial viability. Spirochete viability was assessed by means of the
BacLight bacterial viability kit (Molecular Probes, Eugene, OR), accord-
ing to the manufacturer’s protocol. A 10-�l aliquot was removed, and
viable (green) and dead (red) organisms were quantified by fluorescence
microscopy from a minimum of eight fields selected at random. The per-
centage of viable cells was calculated as the number of green fluorescent
bacteria (live) in the aliquot divided by the total number of cells in the
aliquot (red � green) multiplied by 100.

DNA extraction and PCR. On the appropriate day, DNA was isolated
from a 1.0-ml aliquot from the 50-ml tubes using the Gentra Puregene
Cell kit (Qiagen) as per the manufacturer’s instruction and resuspended
in 50 �l of DNase-free water. The amount of DNA in 5 �l was used for
PCR amplification to detect the presence of the outer surface protein A
gene (ospA). Each PCR mixture, in a total volume of 30 �l, contained 10
ng of DNA, deoxynucleoside triphosphate (dNTP) (250 �M), 10 pmol of
gene-specific primers (Table 1), and 1.25 U Taq DNA polymerase (Roche
Molecular Biochemicals, Indianapolis, IN) in PCR buffer (Roche) con-
taining 15 mM MgCl2. Thirty-five amplification cycles of 94°C for 30 s,
52°C for 30 s, and 72°C for 30 s were carried out, and the amplified
product was analyzed on a 1% agarose gel and visualized by ethidium
bromide staining. Multiple control reaction mixtures lacking DNA were
included in all PCR runs. The sensitivity for this PCR assay was 10 organ-
isms.

RNA isolation and reverse transcription (RT)-PCR. On the appro-
priate day, total RNA was extracted from up to 5 � 108 cells (or 40 ml

obtained from the 50-ml tubes for ceftriaxone-treated cells) using the
Totally RNA isolation kit (Ambion) as per the manufacturer’s protocol.
All RNA samples were treated twice with DNase by means of the Turbo
DNA free kit (Ambion) in order to remove any contaminating genomic
DNA. RNA quality was assessed by gel electrophoresis, and concentra-
tions were measured spectrophotometrically using an Eppendorf Biopho-
tometer. A260/280 ratios were 1.7 to 2.2.

First-strand cDNA was synthesized by reverse transcription of 2 �g of
total RNA in a 20-�l reaction volume containing 10 units of avian myelo-
blastosis virus (AMV) reverse transcriptase (Promega, Madison, WI), 500
ng of random hexamers (Promega), 250 �M dNTP, and RNasin (5 U) in
AMV buffer (Promega). The reaction mixture was incubated at 42°C for
60 min. Reverse transcriptase was inactivated by heating at 95°C for 5 min,
and the resultant cDNA was stored at �20°C until further use. A control
reaction mixture lacking reverse transcriptase was carried out for each
primer set using total RNA to ensure that no contaminating DNA was
present.

PCR was performed with gene-specific primers (Table 1) for enolase,
pyruvate kinase, phosphofructokinase, OspA, and OspC. Each PCR mix-
ture contained 40 ng of cDNA, 250 �M dNTP, 10 ng of each primer, and
1.25 U of Taq DNA polymerase (Roche Molecular Biochemicals) in 10
mM Tris-HCl–1.5 mM MgCl2–50 mM KCl, pH 8.3. The PCR conditions
were 95°C for 2 min followed by 35 cycles of 94°C for 30 s, 52°C for 30 s,
and 72°C for 30 s and a final extension at 72°C for 10 min. The PCR
products were analyzed on a 1% agarose gel and visualized by ethidium
bromide staining. Multiple control reaction mixtures lacking DNA were
included in all PCR runs.

Quantitative real-time RT-PCR. For each reaction, 4 ng of cDNA
(generated as described above) and 20 pmol of gene-specific primers
(flaB, ospA, ospC, and pfk [Table 1]) were used, and PCR amplification was
performed in a 25-�l reaction mixture containing 1� SYBR green PCR
master mix (Roche Diagnostics). Oligonucleotide primers for real-time
PCR were designed using Primer Express software, version 2.0 (Applied
Biosystems, CA). All reactions were carried out on the ABI Prism 7900 HT
SDS system using thermal cycling parameters consisting of 2 min at 55°C
and denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 15
s and 60°C for 1 min. PCRs were performed in duplicate for each RNA
sample. To verify the purity of the PCR product, melting curve analyses
were performed. In addition, a no-template reaction control was included
for each primer set.

DNA samples containing 10 to 10,000 copies of genomic DNA were
included in each real-time RT-PCR experiment for generation of a stan-

TABLE 1 Primers used in this study

Protein (gene) Forward primer (coordinates)a Reverse primer (coordinates)a Use

Enolase (bb0337) AAGGGCATTCTAAGTGGCAAAGGG
(345633–345656)

ACGCTCTTACCGTGGTATTCAGCA (346339 –346316) RT-PCR

Pyruvate kinase
(bb0348)

CCTGCAGAAGATGTACCCATTGCT
(357742–357765)

TGGAACACTTGCTCTGTAGGTTGC (358176 –358153) RT-PCR

Phosphofructokinase
(bb0727)

AAGTTATGGGACGGGATTCTGGCT
(766124 –766147)

TTTTGTCTTACCAGCCATTGCA (766572- 766551) RT-PCR

Phosphofructokinase
(bb0727)

GCTAATGCCAGTGATTCGCTTT
(766495–766516)

TTTTGTCTTACCAGCCATTGCA (766572- 766551) Real-time RT-PCR

Outer surface protein A
(bba15)

GGGAATAGGTCTAATATTAGCC
(9410 –9432)

TTTCAACTGCTGACCCCTC (10180 –10160) PCR, RT-PCR

Outer surface protein A
(bba15)

TGAAGGCGTAAAAGCTGACAAA
(9684 –9705)

TTCTGTTGATGACTTGTCTTTGGAA (9825–9801) Real-time RT-PCR

Outer surface protein C
(bbb19)

GGGAAAGATGGGAATACATCTGC
(16971–16993)

CTGCCACAACAGGGCTTGTAAGC (17515–17493) RT-PCR

Outer surface protein C
(bbb19)

CAGGGAAAGATGGGAATACATCTGC
(16967–16991)

CGCTTCAACCTCTTTCACAGCAAG (17095–17071) Real-time RT-PCR

Flagellin, flaB (bb0147) GCAGCTAATGTTGCAAATCTTTTC
(147998 –148015)

TGAGCTCCTTCCTGTTGA (148089 –148066) Real-time RT-PCR

a Coordinates are based on the position in the genome sequence of strain B31.
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dard curve. A plot of cycle threshold (CT) value versus log amount of
known standard DNA was generated. The quantity of template cDNA was
calculated from the CT values obtained using Applied Biosystems SDS 2.1
software as described previously (20). All standard curves conformed to a
linear relationship (r2 � 0.98) and had an amplification efficiency of 95 to
100%. Gene expression measurements were normalized to �g of total
RNA (i.e., the transcript abundance of each gene was calculated per �g of
RNA). Changes in transcript levels for each gene were calculated relative
to day zero values, which were set to 100.

Statistics. The statistical significance of observed differences in pH
and viability between antibiotic-treated and untreated cultures was eval-
uated by a paired Student t test with two-tailed P values and 95% confi-
dence interval using GraphPad PRISM software (V 5.0; La Jolla, CA).

RESULTS
B. burgdorferi growth. B. burgdorferi strains B31A3 and BL206
were grown in the absence or presence of 15 �g/ml ceftriaxone at
34°C for 56 days, and cell density was monitored at the indicated
time intervals by dark-field microscopy. Growth profiles are pre-
sented in Fig. 1A and B. In the absence of antibiotic, both isolates
grew exponentially until day 14, reaching cell densities of 2.3 �
109 (B31A3) and 2.3 � 108 (BL206). This was followed by a grad-
ual decrease in cell density over the subsequent 6 weeks of culti-
vation; by day 56, cell densities for B31A3 and BL206 were 4.4 �
108 and 6 � 107, respectively. In contrast, bacterial growth was
arrested in antibiotic-treated cultures and the cells began to disin-
tegrate by day 3; at the next sampling time on day 7, cells could not
be enumerated by microscopy.

B. burgdorferi metabolic activity. As a measure of metabolic
activity, the pHs of the media were monitored during growth (Fig.
1C). The pH of the untreated cultures declined gradually from 7.6
to 6.7 (BL206) or 6.2 (B31A3) by day 14, indicating that cells were
actively metabolizing the nutrients in the medium and producing
acid. No further decrease in pH was observed beyond this time. In
contrast, the pH remained essentially unchanged (7.5 to 7.8) in

ceftriaxone-treated cultures throughout the duration of the ex-
periment. The observed change in pH between antibiotic-treated
and untreated cultures was statistically significant (P � 0.011 for
both B31A3 and BL206).

Spirochetal motility, morphology, and viability. By the third
day of antibiotic treatment, spirochetes were nonmotile and only
50% retained typical spirochete morphology as observed by either
dark-field or fluorescence microscopy (not shown). In the absence
of antibiotic treatment, cells were motile and morphologically in-
tact through day 14, after which they also became nonmotile and
began to disintegrate. Figure 1D shows the results of “live/dead”
staining to assess the viability of B. burgdorferi. At day 7, approx-
imately 90% of untreated B. burgdorferi cells remained viable (i.e.,
stained green), whereas 0% (B31A3) or 37% (BL206) of treated
spirochetes were viable based on this measure (Fig. 1D). It should
be noted that in the ceftriaxone-treated cultures the majority of
the spirochetes had disintegrated after day 7. It was therefore not
possible to perform viability staining, as the cells were all frag-
mented beyond this time point. The reduction in viability between
treated and untreated spirochetes as measured by this assay was
statistically significant (B31A3, P � 0.013; BL206, P � 0.0094).

To assess viability, cell aliquots were removed from the cul-
tures, washed to remove residual antibiotic, and subcultured in
fresh medium. Spirochetes removed from the primary cultures 24
h after antibiotic addition could be successfully subcultured from
either treated or untreated cultures (Table 2). Whereas subculture
was successful with aliquots from untreated cultures through day
14, B. burgdorferi could not be recovered from ceftriaxone-treated
cultures at the next time point that subcultures were attempted on
day 3 and thereafter.

Detection of B. burgdorferi DNA and mRNA. The results pre-
sented above indicate that spirochetes are no longer cultivable at 3
days after ceftriaxone treatment. It has been suggested that detec-

FIG 1 Survival of B. burgdorferi after ceftriaxone treatment. (A and B) Growth of B. burgdorferi B31A3 (A) or BL206 (B) in BSK medium. Values are means �
standard errors of the means (SEM) for measurements from duplicate cultures. (C) Metabolic activity of B. burgdorferi in BSK medium (based on acidification
of medium). (D) Viable B. burgdorferi cells as assessed by fluorescence microscopy. �, B31A3; �, B31A3 plus ceftriaxone; Œ, BL206; �, BL206 plus ceftriaxone.
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tion of B. burgdorferi DNA by PCR amplification may serve as a
surrogate for culture in assessing viability (21, 22). Aliquots of
culture were removed at various time points and assessed for the
presence of ospA DNA by PCR. Despite the fact that B. burgdorferi
cultivability was abolished by the third day after ceftriaxone treat-
ment, ospA DNA could be detected in culture aliquots throughout
the duration of the experiment, i.e., up to 56 days (Table 2). This
indicates that B. burgdorferi DNA persists long after culture evi-
dence of live organisms could be demonstrated.

RNA is less stable than DNA; the average mRNA half-life in
most bacterial species is approximately 3 min and typically does
not exceed 1 h even for unusually stable mRNA species (23, 24). It
has therefore been assumed that detection of mRNA implies met-
abolic activity, as the lability of RNA would result in its degrada-
tion very shortly after cell death (25). Thus, the presence of tran-
script for five genes was explored by RT-PCR in ceftriaxone-
treated B. burgdorferi. These included those for ospA and ospC,
whose transcripts are abundantly expressed in B. burgdorferi cul-
tured in BSK at 37°C, as well as three mRNAs for genes encoding
enzymes of the glycolytic pathway: enolase, pyruvate kinase, and
phosphofructokinase. Results are summarized in Table 3. The
ability to detect mRNA varied with the specific transcript. In un-
treated cultures, mRNA for all targets (except eno) was detectable
for up to 4 weeks; for eno, transcript was not observed after day 7.
In ceftriaxone-treated cultures, transcripts for ospA, ospC, and eno
were not detected after day 3; however, pyk and pfk mRNA per-
sisted for up to 7 days.

Quantitation of B. burgdorferi transcripts by real-time RT-
PCR. Although the RT-PCR results described above suggested
that transcript can persist long after cell cultivability has been ab-

rogated, it is possible that mRNA is mostly degraded after a short
period of time. To assess this possibility, real-time RT-PCR was
performed in order to quantitate the transcript levels for several
genes (Table 4). In untreated cultures, transcript levels for flaB,
ospA, and ospC increased between 4- and �100-fold through day
7 and then declined gradually by day 28 to �20% of the original
transcript levels. pfk mRNA remained essentially unchanged
through day 14; levels were reduced to 9% by day 28. Ceftriaxone
treatment resulted in an immediate decline in ospA and ospC mR-
NA; transcript levels were �5% of the original levels after 3 days.
flaB mRNA levels diminished to 17% within 24 h of treatment but
remained at that level through 14 days. pfk transcript levels fol-
lowed a similar pattern but were diminished by only one-half.
Transcript for all 4 genes was essentially undetectable after 28 days
of treatment. Taken together, the RT-PCR findings demonstrate
that bacterial mRNA can be detected for substantial time periods
beyond abrogation of viability as measured by several microbio-
logical criteria.

DISCUSSION

Numerous methods have been employed to assess bacterial viabil-
ity. Classically, cultivation in either solid or liquid media has been
considered the gold standard. Since many bacteria are not culti-
vable, surrogate methods such as measurement of metabolic ac-
tivity, membrane integrity, or presence of bacterial nucleic acids
have been employed (25, 26). In this study, we have utilized and
compared all of these approaches to assess the viability of B. burg-
dorferi after ceftriaxone exposure. Measurements based on culti-
vation, metabolic activity, or cellular integrity indicated that the
bacteria rapidly lose viability following exposure to the antibiotic.

The existence of antibiotic-tolerant persister cells after antimi-
crobial treatment has been described for many bacterial species.
These “persister” cells are not antibiotic-resistant mutants; rather,
they are phenotypic variants that arise spontaneously in an other-
wise genetically identical cell population (15, 16, 27). Persisters
can be subcultured, and recultivation of the persisters in the same
antibiotic results in bacterial killing with a pattern that is essen-
tially identical to that of the original cell population (i.e., virtually
all cells are antibiotic sensitive, with a small proportion again be-
coming persisters). The results presented here clearly show that
unlike the experience with certain other bacteria, persister cells are
not found after exposure of B. burgdorferi to ceftriaxone in vitro.
Furthermore, our findings do not support the hypothesis that ex-
posure to ceftriaxone will induce viable B. burgdorferi to alter its
phenotype to become transiently or permanently noncultivable,

TABLE 3 Detection of B. burgdorferi mRNA after ceftriaxone treatmenta

No. of days after
Ctx addition

ospA ospC Enolase gene
Pyruvate kinase
gene

Phosphofructokinase
gene

�Ctx �Ctx �Ctx �Ctx �Ctx �Ctx �Ctx �Ctx �Ctx �Ctx

0 � � � � � � � � � �
1 � � � � � � � � � �
3 � � � � � � � � � �
7 � � � � � � � � � �
14 � � � � � � � � � �
28 � � � � � � � � � �
56 � � � � � � � � � �
a Strain BL206 data are shown; identical results were obtained with B31A3; Ctx, ceftriaxone.

TABLE 2 Detection of B. burgdorferi after ceftriaxone treatment by
culture or PCRa

No. of days after
ceftriaxone
addition

Subculture PCR

�Ctx �Ctx �Ctx �Ctx

0 � � � �
1 � � � �
3 � � � �
7 � � � �
14 � � � �
28 � � � �
56 � � � �
a Strain B31A3 data are shown; identical results were obtained with BL206. PCR assays
were for detection of ospA. Ctx, ceftriaxone.
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such as by losing key genetic elements, “encysting,” or changing
morphology to round bodies (11, 14, 28, 29).

We used a ceftriaxone concentration of 15 �g/ml to replicate
the minimum drug level achieved in serum when the standard
dose of 2 g intravenously (i.v.) daily is prescribed to treat Lyme
disease. We did not determine the MIC of the borrelial strains
utilized in this study to ceftriaxone, but in other studies with the
same strains the MIC values ranged from 0.025 to 12 �g/ml (14,
30–32).

None of the assessed molecular parameters of cell viability,
including detection of mRNA, accurately predicted the time of cell
death, as assessed by subculture or spirochetal morphology. In
addition, previous studies have emphasized the importance of
completely eliminating DNA from RNA preparations in order
to avoid false-positive results (33). In the current study, some
mRNAs could be detected by real-time RT-PCR for up to 14 days,
whereas others disappeared within 3 days after ceftriaxone expo-
sure. Such variability in mRNA persistence has been described by
others (33). mRNA might persist for longer or shorter periods in
vivo. Based on experience with other microorganisms, persistence
of borrelial mRNA is likely to be dependent on the cause of cell
death, on the size, region, and type of the mRNA being targeted,
on the level and activity of the ribonucleases in B. burgdorferi cells,
on the physiological state of the bacterial cell population, and on
the extracellular environmental conditions (34–36). mRNA
might, in theory, remain intact for relatively long periods of time
if cells are destroyed by treatments that inactivate RNase but not
the mRNA (37). For B. burgdorferi in particular, persistence of
mRNA may also depend on whether the dead spirochetal cell or
some fraction of a cell becomes enmeshed in a host-derived fibrin-
ous or collagenous matrix, a hypothetical possibility that seems to
explain many of the unusual features of Lyme arthritis (9, 10).

It is unclear whether our findings can be extrapolated to B.
burgdorferi infections in vivo. It has been suggested that B. burg-
dorferi may be sequestered in protective niches during animal in-
fection such that antibiotics might be less effective (11, 12, 41). On
the other hand, it is also possible that the host’s immunologic
response and/or other inhibitory factors found in vivo could result
in a more rapid decrease in viability after exposure to an antibiotic
than occurs after the same level of antibiotic exposure during in
vitro cultivation. An advantage of the in vitro approach is that it
provides the capability to ensure that the concentration of antibi-
otic is similar to that found in patients receiving the drug. Indeed,
in only one of the reported animal studies on the treatment of B.
burgdorferi infection was the nadir concentration of ceftriaxone
likely to have been as high as that achieved in humans (32). In spite

of the acknowledged limitations of an in vitro study, the results
presented here serve as a proof of principle that detection of spi-
rochetal nucleic acids does not necessarily correlate with the pres-
ence of intact, metabolically active organisms. Thus, a positive
PCR or RT-PCR result, in the absence of a positive culture, must
be interpreted with caution.

Investigators have used various endpoints in treatment studies
of animals infected with B. burgdorferi. Some have relied on culti-
vability of the spirochete as the sole measure of antibiotic efficacy,
as is conventionally employed for other microorganisms (32, 38,
39), whereas others have required complete elimination of all spi-
rochetal nucleic acids and proteins (11, 14, 22, 28, 40, 41). Our
study and those of others suggest that the antimicrobial activity of
ceftriaxone can be reliably assessed based on cultivability and that
cultivation is a more accurate reflection of cell viability. Other
endpoints that focus on persistence of spirochetal components
such as DNA and mRNA, although of less direct importance to the
issue of antibiotic efficacy, might be pertinent in explaining the
persistence of inflammation in patients with antibiotic-refractory
Lyme arthritis, an uncommon inflammatory condition in joints
that continues after apparent eradication of viable B. burgdorferi
(9, 10). The persistence of spirochetal components in the absence
of inflammation (12), however, would seem to be much less bio-
logically relevant and would be highly unlikely to explain nonspe-
cific clinical symptoms such as fatigue.

ACKNOWLEDGMENTS

This work was partially supported by NIH grants AR41511 and AI45801
to I.S.

G.P.W. discloses that he has received research grants from CDC, NIH,
Immunetics, Inc., Bio-Rad, DiaSorin, Inc., and bioMérieux, holds equity
in Abbott, has been an expert witness in malpractice cases involving Lyme
disease, is an unpaid board member of the American Lyme Disease Foun-
dation, has been an expert witness regarding Lyme disease in a disciplinary
action for the Missouri Board of Registration for the Healing Arts, and is
a consultant to Baxter for Lyme vaccine development.

REFERENCES
1. Centers for Disease Control and Prevention. 2012. Final 2011 reports of

nationally notifiable diseases. MMWR Morb. Mortal. Wkly. Rep. 61:624 –
627.

2. Wormser GP, Dattwyler RJ, Shapiro ED, Halperin JJ, Steere AC,
Klempner MS, Krause PJ, Bakken JS, Strle F, Stanek G, Bockenstedt L,
Fish D, Dumler JS, Nadelman RB. 2006. The clinical assessment, treat-
ment, and prevention of Lyme disease, human granulocytic anaplasmosis,
and babesiosis: clinical practice guidelines by the Infectious Diseases So-
ciety of America. Clin. Infect. Dis. 43:1089 –1134.

3. Cerar D, Cerar T, Ruzic-Sabljic E, Wormser GP, Strle F. 2010.

TABLE 4 Relative levels of selected transcripts after ceftriaxone treatmenta

No. of days after
Ctx addition

flaB ospA ospC
Phosphofructokinase
gene

�Ctx �Ctx �Ctx �Ctx �Ctx �Ctx �Ctx �Ctx

0 100 100 100 100 100 100 100 100
1 183 17 232 1.6 49 7.3 77 72
3 352 21 1417 4.6 13257 0.6 76 49
7 415 17 238 3.0 586 0.2 313 41
14 43 19 19 1.5 597 0.3 62 53
28 20 0.4 1.5 0 4.6 0 9.0 0
a Strain BL206 data are shown; identical results were obtained with B31A3; transcript levels are relative to the level prior to ceftriaxone addition, which was set at 100. Ctx,
ceftriaxone.

B. burgdorferi Viability after Antibiotic Exposure

March 2013 Volume 51 Number 3 jcm.asm.org 861

http://jcm.asm.org


Subjective symptoms after treatment of early Lyme disease. Am. J.
Med. 123:79 – 86.

4. Nowakowski J, Nadelman RB, Sell R, McKenna D, Cavaliere LF, Hol-
mgren D, Gaidici A, Wormser GP. 2003. Long-term follow-up of pa-
tients with culture-confirmed Lyme disease. Am. J. Med. 115:91–96.

5. Fallon BA, Keilp JG, Corbera KM, Petkova E, Britton CB, Dwyer E,
Slavov I, Cheng J, Dobkin J, Nelson DR, Sackeim HA. 2008. A random-
ized, placebo-controlled trial of repeated IV antibiotic therapy for Lyme
encephalopathy. Neurology 70:992–1003.

6. Klempner MS, Hu LT, Evans J, Schmid CH, Johnson GM, Trevino RP,
Norton D, Levy L, Wall D, McCall J, Kosinski M, Weinstein A. 2001.
Two controlled trials of antibiotic treatment in patients with persistent
symptoms and a history of Lyme disease. N. Engl. J. Med. 345:85–92.

7. Krupp LB, Hyman LG, Grimson R, Coyle PK, Melville P, Ahnn S,
Dattwyler R, Chandler B. 2003. Study and treatment of post Lyme disease
(STOP-LD): a randomized double masked clinical trial. Neurology 60:
1923–1930.

8. Li X, McHugh GA, Damle N, Sikand VK, Glickstein L, Steere AC. 2011.
Burden and viability of Borrelia burgdorferi in skin and joints of patients
with erythema migrans or lyme arthritis. Arthritis Rheum. 63:2238 –2247.

9. Wormser GP, Nadelman RB, Schwartz I. 2012. The amber theory of
Lyme arthritis: initial description and clinical implications. Clin. Rheuma-
tol. 31:989 –994.

10. Bockenstedt LK, Gonzalez DG, Haberman AM, Belperron AA. 2012.
Spirochete antigens persist near cartilage after murine Lyme borreliosis
therapy. J. Clin. Invest. 122:2652–2660.

11. Embers ME, Barthold SW, Borda JT, Bowers L, Doyle L, Hodzic E,
Jacobs MB, Hasenkampf NR, Martin DS, Narasimhan S, Phillippi-
Falkenstein KM, Purcell JE, Ratterree MS, Philipp MT. 2012. Persis-
tence of Borrelia burgdorferi in rhesus macaques following antibiotic treat-
ment of disseminated infection. PLoS ONE 7:e29914. doi:10.1371/journal
.pone.0029914.

12. Wormser GP, Schwartz I. 2009. Antibiotic treatment of animals infected
with Borrelia burgdorferi. Clin. Microbiol. Rev. 22:387–395.

13. Wormser GP, Baker PJ, O’Connell S, Pachner AR, Schwartz I, Shapiro
ED. 2012. Critical analysis of treatment trials of rhesus macaques infected
with Borrelia burgdorferi reveals important flaws in experimental design.
Vector Borne Zoonotic Dis. 12:535–538.

14. Barthold SW, Hodzic E, Imai DM, Feng S, Yang X, Luft BJ. 2010.
Ineffectiveness of tigecycline against persistent Borrelia burgdorferi. Anti-
microb. Agents Chemother. 54:643– 651.

15. Lewis K. 2007. Persister cells, dormancy and infectious disease. Nat. Rev.
Microbiol. 5:48 –56.

16. Lewis K. 2010. Persister cells. Annu. Rev. Microbiol. 64:357–372.
17. Elias AF, Stewart PE, Grimm D, Caimano MJ, Eggers CH, Tilly K, Bono

JL, Akins DR, Radolf JD, Schwan TG, Rosa P. 2002. Clonal polymor-
phism of Borrelia burgdorferi strain B31 MI: implications for mutagenesis
in an infectious strain background. Infect. Immun. 70:2139 –2150.

18. Wang G, Ojaimi C, Iyer R, Saksenberg V, McClain SA, Wormser GP,
Schwartz I. 2001. Impact of genotypic variation of Borrelia burgdorferi
sensu stricto on kinetics of dissemination and severity of disease in C3H/
HeJ mice. Infect. Immun. 69:4303– 4312.

19. Schwartz I, Wormser GP, Schwartz JJ, Cooper D, Weissensee P, Ga-
zumyan A, Zimmermann E, Goldberg NS, Bittker S, Campbell GL,
Pavia CS. 1992. Diagnosis of early Lyme disease by polymerase chain
reaction amplification and culture of skin biopsies from erythema migrans
lesions. J. Clin. Microbiol. 30:3082–3088.

20. Liveris D, Schwartz I, Bittker S, Cooper D, Iyer R, Cox ME, Wormser
GP. 2011. Improving the yield of blood cultures from patients with early
Lyme disease. J. Clin. Microbiol. 49:2166 –2168.

21. Malawista SE, Barthold SW, Persing DH. 1994. Fate of Borrelia burgdor-
feri DNA in tissues of infected mice after antibiotic treatment. J. Infect.
Dis. 170:1312–1316.

22. Straubinger RK, Summers BA, Chang YF, Appel MJ. 1997. Persistence
of Borrelia burgdorferi in experimentally infected dogs after antibiotic
treatment. J. Clin. Microbiol. 35:111–116.

23. Takayama K, Kjelleberg S. 2000. The role of RNA stability during bacte-
rial stress responses and starvation. Environ. Microbiol. 2:355–365.

24. Donovan WP, Kushner SR. 1986. Polynucleotide phosphorylase and
ribonuclease II are required for cell viability and mRNA turnover in Esch-
erichia coli K-12. Proc. Natl. Acad. Sci. U. S. A. 83:120 –124.

25. Keer JT, Birch L. 2003. Molecular methods for the assessment of bacterial
viability. J. Microbiol. Methods 53:175–183.

26. Sheridan GE, Masters CI, Shallcross JA, Mackey BM. 1998. Detection of
mRNA by reverse transcription-PCR as an indicator of viability in Esche-
richia coli cells. Appl. Environ. Microbiol. 64:1313–1318.

27. Dawson CC, Intapa C, Jabra-Rizk MA. 2011. “Persisters”: survival at
the cellular level. PLoS Pathog. 7:e1002121. doi:10.1371/journal.ppat
.1002121.

28. Bockenstedt LK, Mao J, Hodzic E, Barthold SW, Fish D. 2002. Detection
of attenuated, noninfectious spirochetes in Borrelia burgdorferi-infected
mice after antibiotic treatment. J. Infect. Dis. 186:1430 –1437.

29. Brorson O, Brorson SH, Scythes J, MacAllister J, Wier A, Margulis L.
2009. Destruction of spirochete Borrelia burgdorferi round-body prop-
agules (RBs) by the antibiotic tigecycline. Proc. Natl. Acad. Sci. U. S. A.
106:18656 –18661.

30. Baradaran-Dilmaghani R, Stanek G. 1996. In vitro susceptibility of thirty
Borrelia strains from various sources against eight antimicrobial chemo-
therapeutics. Infection 24:60 – 63.

31. Ates L, Hanssen-Hubner C, Norris DE, Richter D, Kraiczy P, Hunfeld
KP. 2010. Comparison of in vitro activities of tigecycline, doxycycline, and
tetracycline against the spirochete Borrelia burgdorferi. Ticks Tick Borne
Dis. 1:30 –34.

32. Pavia C, Inchiosa MA, Jr, Wormser GP. 2002. Efficacy of short-course
ceftriaxone therapy for Borrelia burgdorferi infection in C3H mice. Anti-
microb. Agents Chemother. 46:132–134.

33. Cenciarini-Borde C, Courtois S, La Scola B. 2009. Nucleic acids as
viability markers for bacteria detection using molecular tools. Future Mi-
crobiol. 4:45– 64.

34. Sheridan GE, Szabo EA, Mackey BM. 1999. Effect of post-treatment
holding conditions on detection of tufA mRNA in ethanol-treated Esche-
richia coli: implications for RT-PCR-based indirect viability tests. Lett.
Appl. Microbiol. 29:375–379.

35. Birch L, Dawson CE, Cornett JH, Keer JT. 2001. A comparison of nucleic
acid amplification techniques for the assessment of bacterial viability. Lett.
Appl. Microbiol. 33:296 –301.

36. Reimann S, Grattepanche F, Rezzonico E, Lacroix C. 2010. Develop-
ment of a real-time RT-PCR method for enumeration of viable Bifidobac-
terium longum cells in different morphologies. Food Microbiol. 27:236 –
242.

37. Sung KD, Stern NJ, Hiett KL. 2004. Relationship of messenger RNA
reverse transcriptase-polymerase chain reaction signal to Campylobacter
spp. viability. Avian Dis. 48:254 –262.

38. Moody KD, Adams RL, Barthold SW. 1994. Effectiveness of antimicro-
bial treatment against Borrelia burgdorferi infection in mice. Antimicrob.
Agents Chemother. 38:1567–1572.

39. Kazragis RJ, Dever LL, Jorgensen JH, Barbour AG. 1996. In vivo activ-
ities of ceftriaxone and vancomycin against Borrelia spp. in the mouse
brain and other sites. Antimicrob. Agents Chemother. 40:2632–2636.

40. Straubinger RK. 2000. PCR-based quantification of Borrelia burgdorferi
organisms in canine tissues over a 500-day postinfection period. J. Clin.
Microbiol. 38:2191–2199.

41. Hodzic E, Feng S, Holden K, Freet KJ, Barthold SW. 2008. Persistence
of Borrelia burgdorferi following antibiotic treatment in mice. Antimicrob.
Agents Chemother. 52:1728 –1736.

Iyer et al.

862 jcm.asm.org Journal of Clinical Microbiology

http://dx.doi.org/10.1371/journal.pone.0029914
http://dx.doi.org/10.1371/journal.pone.0029914
http://dx.doi.org/10.1371/journal.ppat.1002121
http://dx.doi.org/10.1371/journal.ppat.1002121
http://jcm.asm.org

	Detection of Borrelia burgdorferi Nucleic Acids after Antibiotic Treatment Does Not Confirm Viability
	MATERIALS AND METHODS
	Borrelia burgdorferi strains, culture conditions, and experimental design.
	Bacterial growth.
	Subculture.
	Bacterial viability.
	DNA extraction and PCR.
	RNA isolation and reverse transcription (RT)-PCR.
	Quantitative real-time RT-PCR.
	Statistics.

	RESULTS
	B. burgdorferi growth.
	B. burgdorferi metabolic activity.
	Spirochetal motility, morphology, and viability.
	Detection of B. burgdorferi DNA and mRNA.
	Quantitation of B. burgdorferi transcripts by real-time RT-PCR.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


